In aviation, emotion and cognitive workload can considerably increase the probability of human error. An accurate online physiological monitoring of pilot's mental state could prevent accidents. The heart rate (HR) and heart rate variability (HRV) of 21 private pilots were analysed during two realistic flight simulator scenarios. Emotion was manipulated by a social stressor and cognitive workload with the difficulty of a secondary task. Our results confirmed the sensitivity of the HR to cognitive demand and training effects, with increased HR when the task was more difficult and decreased HR with training (time-on-task). Training was also associated with an increased HRV, with increased values along the flight scenario time course. Finally, the social stressor seemed to provoke an emotional reaction that enhanced motivation and performance on the secondary task. However, this was not reflected by the cardiovascular activity.
INTRODUCTION
Investigating the emotional state and the cognitive workload experienced by operators becomes a primordial concern in numerous domains where the human factor is critical. This is the case in aviation, where pilots are commonly exposed to different sources of emotional and cognitive stressors (Blogut, 2015) . Hence, not surprisingly, approximately 70 % of accidents are due, at least partially, to erroneous decisions or distraction of the crew (Salas, Maurino and Curtis, 2010) . Therefore, integrating an efficient and objective online monitoring to assess the emotional and/or the cognitive variations into the cockpit would be largely desirable. For this purpose, reliable and cost-effective physiological measures are required.
According to Scherer (2005) , an emotion can be defined as "an episode of interrelated, synchronized changes in the states of all or most of the […] organismic subsystems in response to the evaluation of an external or internal stimulus event as relevant to major concerns of the organism". On the other hand, the concept of cognitive workload deals with the link between the demand of the tasks and the available resources (Wickens, 2008) . As is well known, emotion and cognition both have an impact on the autonomic nervous system (e.g. Causse, Sénard, Démonet and Pastor 2010; Critchley, 2005; Critchley, Eccles and Garfinkel et al., 2013) . However, the analysis of their combined effects while handling complex tasks, e.g. the control of a plane, has not been considered in great detail in literature and remains challenging. The research mainly or even exclusively focuses on one of these factors by neglecting a possible interaction between them. The manipulation of the cognitive workload often leads to variations in the emotional state, and disentangling their respective impact remains complex. For example, increased task difficulty is also considered to elicit psychological stress (Wang et al., 2005) . Similarly, an intensive cognitive activity may yield a high level of workload without eliciting a high level of stress, and a high level of stress might occur when the workload is low. In addition, even if emotion and cognition are supposed to be underpinned by distinct structural brain networks (e.g. limbic system vs. prefrontal cortex, Gaillard and Wientjes, 1994) , the probability of observing analogous modulations on peripheral physiological activity is high (Mandrick, Peysakhovich, Rémy, Lepron and Causse et al., 2016) .
In the particular case of emotion, the effect of anxiety, i.e. an unpleasant feeling of fear over anticipated events, during simulation training has been explored by Tichon,
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2 Wallis, Riek and Mavin (2014) . This study found larger muscle activation for anxious states, while ocular measurements did not show significant variations, except for the fixation times, which were shorter in anxiety scenarios. Differently, in Causse, Dehais, Péran, Sabatini and Pastor (2013) , the influence of emotion on pilot decision-making has been studied by using functional magnetic resonance imaging, necessarily out of a cockpit. In this case, the emotion was generated by rewarding the participants according to the relevance of their landing decisions in different situations of uncertainty.
Participants who exhibited riskier decisions showed lower activity in the right dorsolateral prefrontal cortex, suggesting a disruptive effect of biased financial incentive on the rational decision-making neural network. In a similar aeronautical context, Causse, Baracat, Pastor and Dehais (2011) showed that increased emotional arousal due to the financial incentive generates an increased heart rate (HR).
Interestingly, Allsop and Gray (2014) analysed the effect of anxiety generated by social stress on attention and gaze behaviour in aviation. The increment in the level of arousal caused impairment in attentional control, as reflected by the saccade rate and increased muscle activation. Similarly, Gray, Gaska and Winterbottom (2016) applied the same method to elicit stress on the participants in order to disentangle the particular influences on specific attentional processes.
On the other hand, the effects of cognitive (otherwise referred to as "mental")
workload and its objective measurements is a topic raising increased interest in diverse domains, such as ergonomics in general (Young, Brookhuis, Wickens and Hancock (2014) for a review) or aviation in particular (Vecchiato et al., 2016) . For instance, regarding the measures of the central nervous system, electroencephalography (EEG) has been widely used to assess cognitive overload and to discriminate specific psychological processes involved in multi-task resolution with different purposes (Puma, Matton, Pauvel, Raufaste and El-Yagoubi, 2017; Stikic et al., 2014) . Another application, but using peripheral measures, is found in Gaetan et al. (2015) . The authors have studied the physiological markers referring to distinct levels of workload in helicopter pilots by using electromyography and skin conductance, although definitive conclusions could not be drawn due to large individual differences. Moreover, the usefulness of the respiratory signals has been studied to verify the correlation with subjective measures. Muth, Moss, Rosopa, Salley and Walker (2012) have shown that the respiratory sinus arrhythmia (RSA) index can predict scores on the NASA-Task Load Index questionnaire. The authors tested RSA as a real-time measure of cognitive
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A C C E P T E D M A N U S C R I P T 3 workload in participants completing a performance-based selection test developed by the U.S. Navy.
Recently, emerging studies started analysing mental workload under stressing situations in tasks requiring a high level of performance. Specifically, in the field of aeronautics, Mandrick et al. (2016) , by means of pupillometry, functional near infrared spectroscopy (fNIRS) and cardiovascular measurements, investigated the physiological correlations of human performance under high level of workload when threatened by unpredictable auditory stressors. Their results showed that higher task difficulty (higher n-back level) degraded the performance and induced an increased tonic pupil diameter, HR and activity in the lateral prefrontal cortex, as well as decreased phasic pupil response and heart rate variability (HRV). The condition of emotional stress did not affect the performance, but at the expense of a psychophysiological cost, as demonstrated by a lower phasic pupil response, and a greater HR and prefrontal activity.
Despite the numerous possibilities of physiological measures linked to emotion and cognition, electrocardiography (ECG) is still considered among the most suitable options, even for complex computational models integrating emotional and cognitive factors, for example in Besson et al. (2012) , providing powerful and discriminant features for classifier implementation. As mentioned in several of the studies above, HR and HRV are two fundamental ECG parameters (Massaro and Pecchia, 2016 ) often taken into account in studies focusing on the relationship between cardiovascular activity and emotion and/or cognition in ergonomics (Durantin, Gagnon, Tremblay and Dehais, 2014) . Wei, Zhuang, Wanyan, Liu and Zhuang (2014) showed the suitability of HRV measures to distinguish among three levels of mental workload, as illustrated by a reduction of the standard deviation of RR intervals when the task was more difficult, consistent with results from the study of Causse et al. (2011) . Mansikka, Simola, Virtanen, Harris and Oksama (2016) studied HR and HRV features for differentiating between sub-standard performance and high-performance approaches in fighter pilots.
The results showed a decrease in HRV-based values in high performance approaches.
Following this line, other applications can be found in car drivers, where HR and HRV have received a particular attention (Heine et al., 2017; Mehler, Reimer and Coughlin, A C C E P T E D M A N U S C R I P T 4 task, which would be linked to vigilance decrement or mental fatigue under high cognitive demand. This concern has also been raised in other studies dealing with either training (e.g., Socha et al., 2015 suggest that pilots with more extensive training sessions exhibit lower values on the short-term power spectrum of ECG) or emotional habituation (Feda and Roemmich, 2014; Sevenster, Hamm, Beckers and Kindt, 2015) .
The results above are promising and encourage a deeper exploration of the ECG markers to inspect, in flight, the relation between emotional state and cognitive demand.
In this study, we examine how the presence of a social stressor and the difficulty of a secondary task modulate the cardiovascular activity of pilots. According to literature (Causse et al., 2011; Wei et al., 2014; Mandrick et al, 2016) , an increase in HR alongside a decrease in HRV is expected when arousal and/or cognitive workload increases. Moreover, to check whether training and/or habituation has a relevant effect on the physiological measures (Luque-Casado et al, 2016) , different intra-condition segments are considered.
MATERIALS AND METHODS

Participants
Twenty-one healthy volunteers were recruited from the French Civil Aviation University (ENAC) in Toulouse, France. All participants had normal auditory acuity and normal or corrected to normal vision. None of them declared a history of severe medical treatment, neither psychological disorder nor any cardiac or neurological trouble except one participant who suffered from extra-systoles and had to be discarded.
The 20 remaining participants were included in the physiological analysis (only male;
22.7 ± 3.7 years). All participants gave written informed consent two days before carrying out the experiment in accordance with the local ethical board committee. The study complied with the Declaration of Helsinki for human experimentation. All of them were in possession of the Private Pilot License, had at least a flying experience of 50 flight hours (141.3 ± 139.5 hours), were familiar to simulator environments and moreover were fluent in English. 
A C C E P T E D
Experimental setting
In order to reach an acceptable external validity, our experiment has been designed to simulate as closely as possible a real flight situation. The experiment took place in an AL-50 simulator ( 
Flight scenarios
Two flight scenarios analogous in terms of difficulty, one for each emotional state There were two altitude changes, one speed reduction and the same number of heading specifications (degrees of heading) in both scenarios. A strict timing for the flight instructions was specified in the flight plan. During all flight scenarios, the information about the various manoeuvers to be performed was made available to the participant.
Favourable weather conditions were set and unexpected technical events were not included.
The trajectories and parameters from both flight tasks were recorded and examined by a professional experimenter in order to verify the completion of the
instructions. Several flight parameters such as speed (measured in knots), heading (degrees) and altitude (m) were collected continuously during the simulations. The performance was considered as acceptable when the deviations of the expected parameters fell into a margin, as used by the flight's assessors at ENAC. Any deviation greater than ±5 units from the requested flight parameter, was flagged as an error (i.e. excessive deviation). A conservative threshold of five units permitted to reveal subtle differences in performance over time, independently of pilot expertise. A sampling rate of 1 Hz was applied to assess the number of errors. A global performance was also computed by adding the partial performances of all parameters.
Emotional state manipulation
We chose to modulate the emotional state using the method depicted in the study of Allsop and Gray (2014) . During the first dual-task scenario (including a complete flight plan and the two versions of the cognitive secondary task explained below), considered as the low arousal (LA) condition, the participant was left alone in the flight simulator.
On the contrary, during the execution of the second dual-task scenario, considered as the high arousal (HA) condition, the participant was filmed by two cameras and his voice was recorded with a microphone. Moreover, the participant was thoroughly monitored by two researchers and was supposedly involved in a competition with the other participants. This mock competition would consist in a public nominative classification of the individual results from the experiment. The truth about the fact that the competition and filming was unreal was disclosed at the end of the experiment.
Note that, for the HA condition, the arousal could be increased due to the motivation and/or to the social stress of feeling evaluated. Two questionnaires (French version) were used to find out the origin of the emotional state for ulterior analysis out of the scope of this study. The former, the Competitive State Anxiety Inventory-2R (Martinent, Ferrand, Guillet, Gautheur, 2010) to measure the anxiety linked to the competition, was delivered just before the HA condition, whereas the latter, the StateTrait Anxiety Inventory (form Y) (Spielberger, Gorsuch, Lushene, Vagg and Jacobs, 1993) to measure the general anxiety, was given when the second dual-task scenario was finished. In any case, distinguishing the concepts of emotion and stress was not a goal of the present work, but rather it was employing the social stress as an emotional factor, as suggested in the literature (Blanchard et al., 1998; Lazarus, 2006; Staal 2004) .
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Cognitive workload manipulation
A 7-inch touchscreen computer (TFT LCD, resolution 800 × 480) with built-in speakers was employed to implement the secondary task. The touchscreen was integrated on the right side of the cockpit panel and was easily accessible by the pilots (see Fig. 1 ).
Essentially, this task consisted of touching the screen as quickly as possible after hearing some numbers integrated among Air Traffic Control (ATC) audio instructions (in English). These ATC instructions were not related to the flight plan and were used only as distractors, making the environment more realistic.
This secondary task was implemented using E-prime 2.0 (© Psychology Software Tool, Inc., PA, USA) and was presented during the cruise only, excluding take-off and landing periods. It was subdivided in two phases of the same duration (twelve minutes) separated by a bell sound, permitting to manipulate the additional cognitive workload, as follows.
-Low Cognitive Workload (LCW): The participant was instructed to press the screen if the perceived numbers met a simple rule. For the first dual-task scenario, the number ought to be greater than five, while for the second dual-task scenario, the rule consisted of pressing the screen if the perceived number was even. Simultaneously to the heard numbers, a series of random numbers written in black were displayed on the screen. The two types of numbers (heard and visualized) could present equal or different values. In the LCW condition, these displayed numbers ought to be ignored.
-High Cognitive Workload (HCW): Similarly to the other phase, the participant was instructed to press the screen according to the value of the perceived numbers.
However, for this condition, the attribute value on which the attention had to be oriented depended on the colour of the visually perceived numbers (displayed on the screen). In other words, the colour of the visualized number indicated if the attribute to evaluate was the magnitude (pressing if it was greater than five) or the parity (pressing if the number was even) of the heard number. The colours used were red and green for the first dual-task scenario, and magenta and blue for the second dual-task scenario. For this HCW condition, the participant was instructed to look at the screen after each heard number, in order to check the colour, and thus the attribute to evaluate. For example, if a number displayed during the first scenario was written in red and, simultaneously, a heard number was superior to 5, the participant was instructed to touch the screen. This instruction requires mental flexibility and increased working memory/attentional demands.
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There was no time lapse between LCW and HCW conditions, except an auditory stimulus (bell) indicating the switch. The presentation order of LCW and HCW conditions were counterbalanced among the participants to avoid possible different allocations of cognitive resources due to the overload imbalance. Actually, potential order effects were considered in preliminary analyses and no significant results were obtained. Participants showing a performance that is considered too low, i.e. less than 50% of correct responses, implying a misunderstanding, were discarded for behavioural-based mean comparisons.
ECG measurement
ECG signal was recorded (sampling rate = 1 MHz) throughout the entire experiment by placing two electrodes on the clavicle and left pectoral of the participants. BrainVision The signal pre-processing included a band-pass filtering with 0.5 and 40 Hz cutoff frequencies by a 4 th -order zero-phase Butterworth filter to reject high frequency noise and baseline wander artefacts. A visual inspection was carried out to check signal quality. The meaning of every feature was as follows:
-HR: Heart rate corresponds to the mean number of beats (by counting the Rpeaks) per minute (bpm) within the 4-min segment.
To evaluate HRV:
-SD (RR): Standard deviation of R-R interval lengths for each 4-min segment.
-RMSSD: Root mean squared of the successive differences between adjacent R-R intervals. Usually, it is associated with fast (parasympathetic) variability.
-pNN-x: Proportion of R-R intervals which differ more than x ms with respect to the adjacent previous R-R interval. When x = SD, the SD refers to the standard deviation of R-R interval lengths taking the whole recording as reference, i.e. it deals with an intra-subject specific measure.
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Statistical analysis
All statistical analyses were carried out using STASTICA version 12 (© StatSoft Inc., OK, USA). Normality was first checked for the parameter value distributions by means of the Shapiro-Wilk's. Then, an analysis of variance (ANOVA) of repeated measures was performed including three within-subject factors: emotion (2 levels of arousal defining the emotional state: LA and HA) × cognition (2 levels of cognitive workload:
LCW and HCW) × time-on-task intra-condition (3 levels: {1:= (0 -4 min), 2:= (4 -8 min), 3:= (8 -12 min)}). To check for any statistically significant difference between conditions, a maximum p-value of .05 was set. Greenhouse-Geisser's correction was applied if sphericity could not be assumed. Post hoc analysis was based on HSD Tukey criterion. In short, a 2×2×3 analysis was carried out. According to the results reported in Causse, Chua, Peysakhovich, Campo and Matton (2017) concerning the workload effect, the required sample size was N = 20 and the expected standardized effect with power = .80 would be .675.
RESULTS
Flight performance
Concerning the performance in the primary task, i.e. the flight plan, two participants were discarded due to issues with data recording. 
Performance in the secondary task
The performance in the secondary task was measured for eleven participants. The other participants were discarded due to technical problems in data acquisition (the
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11 connection between touchscreen and PC was not operating as desired for seven participants) or inefficient performances (three participants reached less than 50% of accuracy in at least one of the four conditions, i.e. emotion × cognition).
The results showed significant main effects for both emotion and cognition factors, with faster reactions times (RT) (less time to respond) for HA than for LA condition: F(1,10) = 13.64, p = .004, η p ² = .58, and for LCW compared to HCW condition: F(1,10) = 66.02, p < .001, η p ² = .87. No interaction between cognition and emotion was found (F(1,10) = 0.33, p = .58). Figure 3 represents RT means. yielding to a reduction of 52.6 % of the omission rate under HA (see Fig. 4 ).
12 Table 1 shows the statistics (mean ± standard deviations) for all ECG features for both emotional state and cognitive workload conditions, averaging the results of the three 4-min segments intra-condition. A C C E P T E D M A N U S C R I P T 13
ECG features
Emotion and Cognition Factors
Time-on-task factor
Concerning the time-on-task factor while secondary task was carried out, a main effect was found for HR: F(2,38) = 11.69, p < .001, η p ² = . 
DISCUSSION
Before discussing the results, it is fair to mention the comment of Mansikka et al. (2016) reminding that while a simulator mission can be designed to be mentally extremely demanding, it will inherently lack the stressors of an actual flying mission such as the sense of risk and the fear of collision or injury of death. According to this conclusive argument, the level of stress induced by a flight simulator has to be considerate as moderate (Jorna 1993) .
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Effects of emotion and cognition on the performance in the flight simulation and the secondary task
Behavioural results supported that both emotional and cognitive factors significantly affected behaviour. On the one hand, the social stressor seemed to provoke an emotional reaction that enhanced motivation and performance in the secondary task as revealed by the decrease in omission errors and the difference in RT between LA and HA. On the other hand, the increased cognitive workload of this secondary task seems to be deleterious to performance by inducing an increase in RT.
On the contrary, flight performances (primary task) were equivalent within every condition. Thus, variations on RT were not associated with a prioritization of the secondary task to the detriment of the flight performance. In other words, participants prioritized this latter task even when the secondary task was more complex or when social stress was present.
Effects of emotion and cognition on ECG
Although the behavioural results suggest that we successfully increased the emotional arousal, this fact was not evidenced by the ECG measures. Probably, the lack of main effect of emotion on HR was partly due to an insufficient emotional activation, which could have been stronger with a direct sensorial stimulation. For example, using aversive auditory stimuli, Mandrick et al. (2016) demonstrated effects of emotion on HR. Nevertheless, in agreement with this research work and others (e.g., Heine et al., 2017) , HR was impacted by the cognitive demand of the secondary task, being faster when difficulty increased (HCW), implying a globally stronger sympathetic activity, closely linked to the rise of catecholamines secretion (Heine et al., 2017) .
The interaction between cognition and emotion described in the work of Patel et al. (2016) , where the authors showed that induced arousal affected differently working memory depending on the task difficulty and, reciprocally, the increase of the cognitive demand lightened the physiological responses linked to anxiety, was not evidenced in the studied HRV parameters. Nonetheless, the intrinsic stress generated by the task difficulty, which is considered as an influent factor for mental workload (Hsu, Wang, Chen and Chen, 2015) , might have slightly biased the results. In any case, as previously demonstrated by several other studies (Causse et al., 2011; Wei et al., 2014; Mandrick A C C E P T E D M A N U S C R I P T 16 et al, 2016), our results confirmed the sensitivity of HR to cognitive demand, with increased HR when the secondary task was more complex.
Time-on-task effect on ECG
Concurrently to the emotion and cognition factor analysis, it was important to take into account the cardiovascular activity evolution over time during the flight simulation, since its variations could increase the difficulty of accurately computing baselines of the ECG features. Note that time-on-task refers here to both emotional habituation and training to the tasks, as the experiment did not allow to separate the respective influence of these two factors. In addition, apart from the inherent non-stationarity ECG, short- According to Luque-Casado et al., (2016) , a decrease of RMSSD over time would be expected due to mental fatigue. However, an increase of HRV was found, arguably due to the training effect and the consequent decrease of cognitive effort (Mandrick et al., 2016) . With regards to pNN-x, when the time-on-task factor was analysed, pNN-20 showed a monotonic increase during the HCW conversely to the LCW condition, where the minimum was reached at the middle of time course (Fig. 7) .
On the other hand, consistently with the conclusions reported in Mietus, Peng, Henry, Goldsmith and Goldberger (2002) for pathological populations, pNN-20 showed more notable differences than pNN-50 to determine inter-condition differences. Given that our population was constituted by healthy participants and that the crucial comparisons were intra-subject, no more fixed values apart from the typical 20 and 50 ms were tested to avoid over-fitted results. Nevertheless, in order to get an equitable, but intra-subject customized measure, pNN-SD was also analysed, where SD was adaptive to the individual differences. However, no better results were found, returning to the use of fixed time intervals as a better option. Therefore, taking a 20 ms as threshold appears as a good trade-off for cognitive workload analysis by means of pNN.
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Limitations of the study
One of the main limitations of this work is that respiratory rate variation could be one of the confounding factors intervening in the time-on-task effect. Therefore, we have to be cautious to claim the link between a pure cardiac activity and cognitive workload. In any case, to evaluate the HR measure usefulness to implement monitoring systems, the origin of its modulation is not essential. It would be possible to build a robust classifier even if the HR changes were due to respiratory changes, as long as they covariate over time. Either way, in future works, mainly focusing on determining the heart physiology, it would be desirable to apply a methodology including respiratory estimation (Thayer, Peasly and Muth, 1996) .
While cognitive workload was counterbalanced within the two dual task scenarios, the social stressor was always administered during the second dual-task scenario. Given the potential long term effect of increased emotional arousal, we wanted to avoid an emotional contamination on the second scenario. Yet, the lack of counterbalancing limits the possibility to distinguish an effect of emotion from an effect of training/fatigue, which is a limitation of this study.
The technical problems which prevented the recording of behavioral data from every subject could have biased the results concerning the RT. Either way, the significant differences between conditions with different levels of cognitive workload enable to assume that the difficulty of the tasks was different. Nonetheless, a subjective measure of the cognitive workload, such as the NASA-TLX test would have been suitable to confirm this assumption.
CONCLUSIONS
During the flight simulator sessions, we manipulated emotion with a social stressor and cognitive workload with the difficulty of a secondary task, carried out in parallel to flight simulation. We assessed the impact of these two factors on behavioural performance (obtained in the piloting task as well as in the secondary task), and cardiovascular activity. Behavioural results of the secondary task confirmed that both emotional and cognitive factors significantly impacted behaviour. We found that a moderate social stress can enhance motivation and performance with a decrease of A C C E P T E D M A N U S C R I P T 18 omission errors. On the contrary, a high mental workload condition was deleterious to performance with increased reaction times.
From a physiological standpoint, our results confirmed the sensitivity of the HR to cognitive demand and time-on-task (mainly due to a training effect), with increased HR when the task was more difficult and decreased HR with training. Training was also associated with an increased HRV, with increased values along the flight scenario time course. The inclusion of other physiological signals such as electro-dermal activity, which could be feasible to incorporate into a cockpit, is desirable in order to extract additional robust features representing the general cognitive and emotional state of pilots.
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Highlights
The influence of emotion and cognitive workload (CW) is studied in flight simulations Heart rate (HR) increases under high CW, but is not affected by a social stressor HR variability increases over time, showing a time-on-task effect, under high CW
